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The viroid central conserved region (CCR) is highly conserved among different viroids and is thought o be involved in viroid replication. A novel 
tertiary structure occurs in the CCR of native circular potato spindle tuber RNAs. To permit more detailed studies of this structural clcmcnt. a 
sITX$ll RNA oligonucleotide containing the CCR of the viroid genomc was synthesized. The tertiary structureof these CCR transcripts wasexamined 
by UV-crosslinking of the RNA, followed by mapping of the crosslink using limited alkaline digestion and ciassical RNA secondary analysis. The 
CCR transcript was found to undergo W-crosslinking between the same two bases as in full-length viroid, indicating that the tertiary structure 
is the Same and that the CCR transcript will be useful for the aninity purification of host components. 
Viroid; RNA structure; UV-crosslinking; Viroid-host interaction 
1. INTRODUCTION 
Viroids are among the smallest plant pathogens 
known, consisting only of circular RNA molecules of 
246 to 375 bases which exist in a rod-like structure 
stabilized by regions of conventional base pairing which 
alternate with regions devoid of Watson-Crick base 
pairs [l]. Viroids are not believed to code for any pro- 
teins; therefore, all of their interactions with their hosts 
are dependent on the sequence and structure of the 
RNA genome. They are dependent on host factors for 
RNA copying, ligation, cleavage and transport. One 
region of the potato spindle tuber viroid (PSTV) 
genome is of particular interest because it is very highly 
conserved among the different members of the potato 
spindle tuber viroid group and, for this reason, is 
thought to be inportant in viroid replication. 
Interestingly, an element of local tertiary structure 
has been found in the viroid central conserved region 
(CCR) [2,3], Like the element of local tertiary structure 
in the TV//C arm, identified by both Robertus et al. [4] 
and Rich and RajBhandary [T], the tertiary element in 
the viroid CCR involves bases predicted to be near each 
other in the secondary structure model of PSTV [I]. The 
tertiary element in viroid RNA was identified because 
it encompasses two bases which become covalently 
linked upon exposure to ultraviolet (UV) light. These 
bases must be very close to one ancther to react when 
irradiated, suggesting that non-Watson-Crick bonds 
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occur in this region of the viroid. This novel structural 
eiemcnt is likely to be important in the interaction be- 
tween the CCR and host cell factors. To permit physical 
studies of the CCR by techniques uch as nuclear mag- 
netic resonance spectroscopy, which are more readily 
applied to molecules much shorter than full-length vi- 
roid RNA, and to facilitate its USC in affinity purifica- 
tion of host components with which it interacts, asmall 
RNA transcript encompassing the UV-sensitive region 
of local tertiary structure in viroid RNA was synthe- 
sized. The UV-sensitivity was used to examine the terti- 
ary structure of the small transcript and to compare it 
to that of full-length viroid. The tertiary structure of the 
SS-base transcript was found to be the same as that of 
the CCR when it is part of the complete viroid RNA 
molecule, indicating that this transcript contains all of 
the structural features necessary to produce the UV- 
sensitive lement. 
2. MATERIALS AND METHODS 
The SS-base transcripts representing the viroid CCR were synthc- 
sized according to the procedure of Mill&n et al. [6] in 500 @ reac- 
tions. Synthetic DNA oligonuclcotides used as transcription tcmplalcs 
were obtained from the Memorial Sloan-Kettering Micro Core facility 
or were the kind gift of Drs. Bahigc Baroudy and Alicia Buckler-White 
at Georgetown University. Transcripts were labeled at the 5’ end by 
the inclusion of [y-“‘P]GTP in the reaction mixture or were internally 
labeled using orzc of the four [a-J2P]-tabelcd nucleoside triphosphates. 
Transcripts to be 3’ end-labeled were synthesized in the absence of 
labeled nucleosidc triphosphates and were subsequently la’belcd by the 
addition of [J2P]pCp to the 3’ terminus using T4 RNA ligase in 15 ~1 
reactions [?J. Full-length transcripts were purified by elcctrophoresis 
in a 10% polyacrylamide gel containing 7 M urea using 0.5~ Tris- 
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borate buffer (Ix= Ct.OSP M Tris pH 8.7,0.089 M boric acid und 0.0028 
M EDTA), 
r- -l 
Full-length viroid transcripls were synthesized from the linearized 
plasmid pHDl using SP6 RNA polymerase in 20 ~1 reactions [81, 
yielding a plus strand monomeric PSTV sequence beginning with base 
147 and ending with base 146 (in the numbering system of Gross ct 
al [I]) flanked by vector sequences at the 5’ and 3’ srlds (D. Hoscn, 
unpublished data). The full-length viroid cDNh SC~UC~C: US ob- 
tained from pAV401 (a gift of A. Van Kammen) [9]. 
2.2. UP irrdiuriott atrd pwifcnriatt ~Jcrossfi~tked RNAs 
Two-dimensional gel elcctrophorcsis and UV-crosslinking were CBT- 
ried out as previously described in communications from this lobora- 
tory [2,3,lO]. Separation in she first dimension was performed in 8% 
polyacrylamide gels for CCR transcripts and 5% polyacrylamidc gels 
for HDI transcripts. Urea gels used for second dimension separation 
were 10% polyacrylamide for CCR rranscripls and 5% polyaclylamide 
for HDI transcripts. The crosslinkcd (X-linked) and non-crosslinked 
(UV, not X-linked) forms of the transcripts were recovered from gels 
containing RNA exposed to UV light as were transcripts which were 
run on two-dimensional gels, but not exposed to UV light (No UV). 
Under the conditions used, an average of5% of the sample was found 
to undergo crosslinking when CCR transcripts were exposed to UV 
Ii&t. 
5’ PPP\G 96 
*UCCCCGGG *GhAACCUGGAOCCAACU/lllr 
3' AA 
AGvGCCCA C GG CUUCCCU CU,245 
27; *‘CA’ 260 
CCR frayscripf 
Fin. I. The 55-base CCR transcript is made up of bases 88-1 I4 and 
245-272 from the central conserved region of PST’V (numbering sys- 
tem 0r Gross et al. [I]). 
CCR transcripts were heated at 90°C in IO ~1 of 0.05 M sodium 
bicarbonate/carbonate at pH 9.2 in the presence of tRNA and sub- 
jected to electrophorcsis at 1000 V in 20% polyacry~dmidc gels con- 
taining 7 M urea. The S’end-labeled transcripts were separated on gels 
run in Ix Tris-borate buni’r, while gels used for 3’ end-labeled tran- 
scripts were made with 0.5x Tris-borate buffer, with 0.5x buffer in the 
top reservoir and Ix buffer in the bottom reservoir. Non-crosslinked 
transcripts treated with alkali as described for crosslinked samples or 
digested with base-specific ribonucleases were run in neighboring 
lanes as size markers. Digestions with I mdml pancreatic RNasc were 
performed in 2 microfilters of bulTer (IO mM Tris pH 7.4, I mM 
EDTA) in the presence of IOflg tRNA for 30 min at 37°C. Samples 
were treated with RNasc U?. at a concentration of 10 U/ml in buffer 
containing 0.05 M sodium acetate pH 4.5 and 0.002 M EDTA for 2 
h at 37°C in the prcscncc of 10~~ tRNA. Incubations with RNnsc TI 
were done under strong digestion conditions (I mg/ml RNase TI in 
2 microliters ofTl buffer (IO mM Tris pH 7.4, 1 mM EDTA) in the 
presence of IO ~g IRNA for 65°C for one h) or under mild digestion 
conditions designed to result in partial digestion of the RNA (:!pg/ml 
RNase TI in 5 ~1 of buffer containing 25 mM sodium citrate pH 5.0, 
7 M urea, I mM EDTA, 0.035% xylenecyanol and 0.035% Bromophe- 
nol blue in the presence of 1.25 ,ug tRNA for 3 min at 6YC). 
regions which are non-contiguous, but interacting in the 
viroid genome, In the rod-like structure of PSTV two 
helices lie on either side of a middle region devoid of 
Watson-Crick base pairs. In the CCR transcript, bases 
88-111 and 247-272 of full-length viroid are joined by 
a loop made up of bases 112-114 and 245-246 
(ACUUG), which were included to provide a linker 
allowing base-pairing between complementary regions. 
UV-crosslinking was used to determine whether the 
CCR transcript formed the local tertiary structure 
which is characteristic of this region in genomic PSTV. 
2.4. Clrrssicul RNA sccurtdury unalysis: dirrcr RNA sqtwwcc mtuiysis 
bv .sqwctrriaf cn:vtmtic digesrictns 
In preparation for RNA secondary analysis, internally labeled 
crosslinked CCR and full-length transcripts were digested with I rnd 
ml RNase TI in TI buffer for 45 min at 37°C in the prcscncc of IO 
pug tRNA. The resulting RNase TI digestion products were separated 
on 20% polyacrylamide, 7 M urea gels using 0.5x T&borate burrer. 
RNase Tl-resistant oligonasIeotides were recovered from geis and 
subjected to subsequent RNsse digestion and one-dimensional bigh- 
voltage clectropboresis on Whntman 3MM or DEAE paper [l l-131. 
3. RESULTS 
Exposure of the CCR transcript to UV light pro- 
duced a new species which could be resolved by two- 
dimensional gel electrophoresis (compare Fig. 2A and 
B). The crosslinked CCR transcript exhibited increased 
mobility relative to the non-crosslinked transcript in the 
second dimension. This change in mobility reflects the 
conformation of the crosslinked molecule after denatu- 
ration and allows purification and further analysis of 
the crosslinked RNA. When samples were loaded on to 
gels at high concentration, aggregation of transcripts 
could occur. Aggregates were unrelated to crossiinking 
as they separated in the first dimension, before exposure 
to UV light. Further analysis of CCR transcripts eluted 
from 2D gels on sequencing els occasionally revealed 
the presence of species which did not corn&ate with the 
crosslinked transcript. These species were not charac- 
terized, but may contain a crosslink at another site. 
These minor species did not affect the results in map- 
ping of the major crosslink. 
The CCR transcript contains the region of the viroid The positions of the bases involved in the UV-in- 
surrounding the locai tertiary structural element found duced crosslink were mapped by alkaline digestion of 
in the central conserved region of circular viroid 121 and end-labeled CCR transcripts. Digestion of S’ end-la- 
full-length viroid transcripts (Branch, Levine, and Ro- beled non-crosslinked transcripts under conditions 
bertson, unpublished ata) (Fig. 1). It is made up of two which introduced an average of one cleavage per mole- 
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Fig. 2. Separation of crosslinked from non-crosslinked CCR tran- 
scripts by two-dimensional gel electrophorcsis. (A) CCR transcripts 
which were not exposed to UV light. (3) CCR transcripts which were 
exposed to UV light. The position ofthe spot representing crosslinked 
RNA is indicated by an arrow. The pairs of arrows lab&a 1 and 2 
indicate the directions of electrophoresis in the first and second imen- 
sions, respectively. 
cule resulted in a ladder where each band differed in 
length by one base from the bands on either side of it 
when subjected to electrophoresis in sequencing els 
(Fig. 3A, lanes a, b and d). When 5’ end-labeled 
crosslinked CCR transcripts were treated with alkali, a 
gap appeared in the ladder which began at the position 
of the crosslinked base (Fig. 3A, lane c). The crosslink, 
which itself is resistant to cleavage under alkaline condi- 
tions, connects pairs of fragments generated by the al- 
kaline cleavage, These linked fragments migrated much 
more slowly in the gel. The identity of one of the 
crosslinked bases as G-98 (in the numbering system of 
3 
Fig. 3. Mapping of the UV-induced crosslink in the CCR transcripl 
by limited alkaline hydrolysis. Digestion products were separated on 
a 20% polyacrylamidc, 7 M urea gel. Lanes in which enzyme-digested 
RNA markers (T, RNase Tl ; A, pancreatic RNasc, U, RNase U2) and 
alkali-treated samples (OH) were run arc indicated, as is the time for 
the alkali treatmc:lt. Symbols indicate whether the RNA in each lane 
was exposed to UV light (+) or not (-) and whether it wascrosslinked 
(+) or noncrosslinked (-). A. 5’ end-labeled CCR transcripts. Treat- 
ments: a, 8 min alkali; b-d, 15 min alkali; c, RNase Tl under mild 
digestion conditions; f, pancreatic RNase; g, RNase U2. Transcripts 
were recovered from two-dimensional gels: lane c, X-linked; lane b. 
no UV; lanes a and d-g, UV, not X-linked. The sequence isindicated, 
showing the position of G-98, the crosslinked base. An arrowhead 
indicates the origin of clectrophoresis. The positions of the xylene 
cyan01 (xc) and bromophenol blue (bb) are marked. B. 3’end-labeled 
CCR transcripts. Treatments; a, pancreatic RNase; b, RNase Tl 
under strong digestion conditions; s-e, 15 min alkali; f and g, Ei min 
alkali. Transcripts were recovered from two-dimensional gels: lanes d 
and 6, X-linked; lane e, no UV; lanes a-c and f, UV, not X-linked. The 
sequence is indicated in lane g, obscuring the bands. The position of 
U-260, the crosslinked base, is marked. 
full-length viroid) was determined by comparison with 
nearby lanes containing digests of non-crosslinked tran- 
scripts produced either by alkaline hydrolysis or by 
base-specific ribonucleases (Fig. 3A, lanes e, f and g). 
A similar analysis .using 3’ end-iabeled transcripts 
suggested the identity of the other base involved in the 
crosslink. ft was clear that either U-260 or A-261 partic- 
ipated in the crosslink with the weight of evidence point- 
ing to U-260 as the crosslinked base (Fig. 3B, lane d). 
Interpretation of these results was often complicated 
due to band compressions and to the difference in mo- 
bility of the RNA fragments in the enzyme digestion 
buffer used for markers and the alkaline hydrolysis 
buffer. 
OH 01-I 
0. ,5. T A U 
uv + -+-l-l- ++ 
x - -+-- -_ 
. 
. a. k. c d. 63’ 3 ,g; 
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Fig. 4. One-dimensional gel separation of RNase Tl-digested CCR 
transcripts. Transcripts were internally labeled by the addition of 
[t??P]UTP to the transcription reaction mixture. The oliponuclcotides 
generated by digestion of the transcripts with RNase Tl (1 mg/ml, 
37’C) were subjected to electrophorcsis in a 20% polyacrylamidc gel 
containing 7 M urea. The symbols above the lanes indicate whether 
the RNA was exposed to UV light (+) and whether it was crosslinked 
(+) or non-crosslinked (-), C, CCR transcript; F, full-length tran- 
script. Lanes: a, CCR transcript, X-linked; b, full-length transcript, 
X-linked; c. CCR transcript, UV, not X-linked; d, full-length tran- 
script, UV, not X-linked. The arrow indicates the band which is pres- 
ent in crosslinkcd samples, but not in samples lacking the crosslink. 
Bands 1 and 2 are present in the lanes containing UV, not X-linked 
CCR transr,ripts, but not in the lanes containing crosslinked CCR 
transcripts. The poslitions of lhe xylenc cyanol (xc) and bromophcnol 
blue (bb) markers arc indicated. 
In order to ascertain which of these bases, U-260 or 
A-261, participated in the crosslink, further information 
was obtained through classical RNA secondary analy- 
sis. CCR and full-length transcripts, which were inter- 
nally labeled with one of the four nucleoside tri- 
phosphates, were exposed to UV light and the 
crosslinked forms of the transcripts were recovered 
from two-dimensional gels. The transcripts were then 
digested with RNase Tl and the products separated by 
gel electrophoresis. RNase TI digestion products of 
CCR transcripts which are not crosslinked are: CUAC- 
UACCCG, AAACCUG, AUCCCCG, AACUUG, 
CUUCG, UCG, AAA, AG, CG, UG, G, pppG. A 
novel RNase Tl product was found in crosslinked sam- 
ples (Fig. 4, lanes a and b) that was not found in non- 
crosslinked samples (Fig, 4, lanes c and d). Further- 
more, two prominent oligonucleotides were missing 
from the products generated from the crosslinked CCR 
transcript, suggesting that they form part of the 
crosslinked RNase Tl product (Fig. 4, lanes a and c, 
bands 1 and 2). Two-dimensional RNA fingerprinting, 
a technique used in mapping the crosslink in circular 
viroid [Z], suggested the identity of these fragments as 
CUACUACCCG and AAACCUG (data not shown). 
For further characterization of the UV-induced 
crosslink in the CCR transcript, the RNA was eluted 
from bands representing the crosslinked RNase Tl-gen- 
crated oligonucleotides which were excised from one- 
dimensional gels similar to the one shown in Fig. 4. 
These species were then subjected to digestion with sev- 
eral base-specific ribonucleases followed by high volt- 
age electrophoresis. Digestion products of the CCR 
transcripts were compared with those from the full- 
length transcripts. 
Digestion of the crosslinked RNase Tl-generated ol- 
igomlcleotides with RNase U2 produced several spe- 
cies, including two which comigrated with CUA and 
CCCG. CUA oligonucleotides were found when tran- 
scripts were internally labeled with [a-“l?]ATP, [a- 
“P]CTP, or [&?P]UiP, while CCCG oligonucleotides 
were found when the label was [cz-~‘P]GTF or [a- 
3’P]CTP. Examination of the CCR sequence shows that 
the RNase Tl-generated fragment CUACUACCCG 
must be involved in crosslinking This sequence con- 
tains U-260 and A-261, the candidates for crosslinking 
identified by alkaline hydrolysis of 3’ end-labeled tran- 
scripts. Ribonucleases often exhibit difficulty in cleav- 
ing the crosslinked base [23 and RNase U2 is not a 
particularly strong ribonuclease. However, RNase U2, 
which specifically recognizes adcninc residues under 
these conditions, did not have any difficulty in cleaving 
after the adenine residues to give the CUA fragments. 
This suggests that the crosslink occurs at U-260. Thus, 
the combined evidence from the alkaline mapping and 
RNA secondary analysis how that U-260 is one of the 
crosslinked bases. Results of RNA secondary analysis 
also showed that, as in circular viroid [2], the partial 
RNase TI digestion product GAAACCUG partici- 
pated in the crosslink and confirmed the identity of the 
other base involved in the crosslink as G-98 (data not 
shown) as determined by the alkaline hydrolysis experi- 
mcnts. 
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4. DISCUSSION 
The CCR transcripts undergo UV-crosslinking be- 
tween the same two bases as do native circular viroid 
[2] and full-length transcripts (Branch, Levine. and Ro- 
bertson, unpublished ata) indicating that the same ter- 
tiary structural element found in the larger molecules is 
present in the %-base transcripts. Upon irradiation 
with ultraviolet light, bases which are very near each 
other may become covalently linked, providing infor- 
mation on the three-dimensional rrangement of the 
bases. UV-crosslinking was useful in developing a 
mode1 of tRNA structure which proved to be very 
nearly accurate when the crystal structure was deter- 
mined [ 14,151 and has more recently been used to gather 
information on the tertiary structures of ribosomal 
RNAs[2,16,17], the hepatitis delta RNA [IS], Ml RNA 
enzyme-substrate complex [19], the RNA from the sig- 
nal recognition particle [20], and the Te~rah~rzzerzn self- 
splicing intervening sequence RNA [21]. The two 
crosslinked bases in full-length viroids and CCR tran- 
scripts, G-98 and U-260, must be positioned very near 
each other in order to undergo crosslinking, but are in 
a region of the viroid that is depicted as an open loop 
between two base-paired regions in the secondary struc- 
ture mode1 [l]. Thus, additional tertiary structure is 
present in this region of the viroid. The CCR transcript 
was designed to allow for folding of the transcript so 
that base-pairing could occur between regions which 
form helices in the native rod-shaped structure of vi- 
roids. Thus, the small transcript has the sequence and 
secondary structure of the viroid CCR and these exper- 
iments have shown that it also folds into the same three- 
dimensional arrangement, indicating that these SS bases 
are sufficient to allow formation of the local tertiary 
structural element. 
The viroid CCR is a region in the middle of the rod- 
like secondary structure which is highly conserved 
among the different viroids and is thought to be in- 
volved in replication of viroid RNA [22]. The CCR 
transcript used here is taken from the sequence of 
PSTV; however, it shares extensive sequence and sec- 
ondary structural similarity with the CCRs of the other 
viroids of the PSTV group [22-241. The extent of con- 
servation at both the sequence and structural levels sug- 
gests an important functional role for this region of the 
viroicl. The CCR transcript, due to its conservation of 
tertiary structure, could provide a useful tool for eluci- 
dating this function. For example, scaled-up synthesis 
of the CCR transcript should allow for efficient isola- 
tion of host components which interact with it. 
The role of RNA structure is particularly important 
in viroids as they are not believed to code for proteins; 
thus, host factors that are necessary for completion of 
their life cycle must interact directly with the RNA 
genonze. The viroid central conserved region is likely to 
be one of a number of Rib’A do,mains which interact 
.I 
with host cell components involved in RNA copying, 
cleavage, ligation, or transport. Particular host protein- 
viroid interactions are suggested by the similarity in 
sequence and structure between the viroid CCR and SS 
ribosomal RNA [2,2S]. These similarities are in a region 
of 5s ribosomal RNA which contains the binding sites 
for transcription factor IlIA [26-301 and ribosomal pro- 
tein LS [31]; thus. these proteins may interact with vi- 
roid RNA as well. Riesner [32,33] and Forster and 
Symons [34] have discussed the role of possible alterna- 
tive viroid RNA conformations. Furthermore, Wolff et 
al. [35] have published an assay for viroid RNA-host 
protein binding. The small CCR transcript provides an 
important ool for further experiments into viroid-host 
interactions and serves as a model for the design of 
small transcripts representing other viroid functional 
domains as well as domains of other biologically impor- 
tant RNAs. 
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